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Abstract 
The paper presents the development methodology of a hydrostatic pump/motor for use 
in Parker Hannifin’s advanced series hydraulic hybrid transmissions for medium and 
heavy duty commercial vehicles. With Parker’s established bent-axis pump/motor 
technology for heavy duty mobile applications as a basis, it describes the main stages of 
further development and qualification for demanding automotive main drive 
transmissions. Parker’s APQP based, customer focused product development model 
was employed for this development which resulted in the variable bent-axis pump/motor 
C24 for open circuit hydrostatic transmissions. 
Positive customer results from a large fleet of in-service refuse collection trucks and 
parcel delivery vans with Parker advanced hydraulic hybrid drive systems using C24 
pumps/motors serve as evidence of Parker’s product development model effectiveness. 
High reliability, good fuel economy, increased productivity and long brake life of the 
vehicles can directly be traced back to the streamlined, front-loaded and iterative 
development model.    
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1. Introduction 
Runwise is an advanced series hydraulic hybrid drive developed by Parker Hannifin for 
refuse collection truck applications /1/ /2/ /3/. Prior to its launch for serial production, 
simulations, verification testing in lab and vehicles as well as field demonstrations all had 
shown encouraging results in terms of significant reduction in fuel consumption, exhaust 
gas emissions and brake wear. Good driving performance and high reliability were also 
demonstrated during the tests. 
Another Parker Hannifin advanced series hydraulic hybrid drive is a power split IVT 
developed for urban delivery trucks /4/. A field demonstration program with 48 delivery 
vehicles equipped with power split IVTs has verified high reliability, good fuel economy 
and long brake life as expected. 
2. System architectures 
System layout selection, control strategy determination, sizing of system and sub-system 
level components for the aforementioned Parker hydraulic hybrid systems were based 
on results from simulation models with vehicle-level input data, measured on a 
conventional – baseline – vehicle. 
The resulting systems combine mechanical and hydrostatic portions in order to enable 
transition from mainly hydrostatic power transmission at low vehicle speed to mainly 
mechanical power transmission at high vehicle speed, hence maximizing efficiency for 
the complete speed range. 
Through the system level simulations, optimal type of hydrostatic sub system was found 
to be an open circuit with secondary controlled over-center variable bent-axis piston 
pumps/motors, a hydro-pneumatic accumulator and a pressurized oil reservoir. The 
Parker pump/motor specifically developed for this system design is named C24, currently 
available with a maximum displacement of 195 cc/rev. 
2.1. Runwise 
The hydrostatic portion of Runwise is combined with a three step mechanical 
transmission, the Power Drive Unit (PDU). The PDU connects one C24 pump/motor, the 
primary unit, to the engine at the input shaft of the transmission. PDU in the first and the 
second gears connects the two C24 pumps/motors, the secondary units, to the output 
shaft with two different gear ratios. 
For each of the two gears the system provides infinitely variable power transmission in 
four quadrants (acceleration/deceleration, forward/reverse) up to approximately 70 km/h 
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with a gear shift point at approximately 30 km/h. The third gear provides maximum 
possible efficiency at vehicle speeds above 70 km/h through direct drive to the output 
shaft from the engine at the input shaft. The secondary units are disconnected from the 
output shaft during this driving mode. 
 
Figure 1: Parker Runwise: System architecture (left) and picture (right) 
2.2. Power split IVT 
Like Runwise, the power split IVT consists of an open circuit hydrostatic transmission 
with pumps/motors C24 and an accumulator combined with a mechanical transmission, 
which, however, is of planetary type.  
 
Figure 2: Parker power split IVT: System architecture (left) and picture (right) 
This provides a continuously variable transition from mainly hydrostatic power 
transmission at low vehicle speed to mainly mechanical power transmission at high 
vehicle speed. The controls of Parker power split IVT also include an engine-off feature 
for driving modes where the vehicle is decelerating, standing still or accelerated by 
recycled energy. 
3. Structured product development model 
The product development model behind the pump/motor, other hydraulic hybrid 
components and the systems themselves basically applies guidelines of Automotive 
Industry Action Group (AIAG) reference manual Advanced Product Quality Planning 
(APQP) and Control Plan /5/. 
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At the core of the development model lies the design and verification of the product and 
its production processes, driven by requirement specifications which are determined by 
the customer application, Figure 3. The model covers the product development on 
application (system) level as well as on sub-system, component and part levels. 
 
Figure 3: Product design development model 
Risks of failure to meet the requirement specifications are listed and assessed using 
the structured tool Failure Mode and Effects Analysis (FMEA), for system design 
(SFMEA) as well as for component design (DFMEA) and production processes 
(PFMEA). 
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Here, it is worth mentioning that the fact that this paper focuses on product design 
development does not mean that development of the production processes for the 
product is less important. 
4. Requirement specifications 
For a complex new to the world product like a hydraulic hybrid drive system, it is a 
challenging task to formulate relevant requirement specifications – for the whole product, 
its sub systems, components and individual parts. Identifying all the key requirements 
and parameters is a significant challenge at the initial stages of development.  
Specialist knowledge within the new technology does not automatically bring enough 
knowledge of targeted applications to enable identification of all required key parameters 
at an initial stage. Input from targeted customers, their customers and end users is of 
high value at this stage. However due to possible unfamiliarity of the new technology’s 
characteristics and capabilities as compared to the conventional products, potential 
knowledge gaps still exist. An obvious example for a hydraulic hybrid drive system with 
brake energy recovery is the characteristic energy storage capacity, which is not at all 
relevant for a conventional transmission. These initial knowledge gaps can be filled by 
developing the initial requirement specification on real-world measurements using 
simulation models, hence resulting in a more streamlined development process. An 
approach with less focus on developing comprehensive initial requirement specifications 
requires more design iterations in order to incorporate requirements as they are detected 
during the development. 
As earlier mentioned, the initial requirement specifications – characteristic operating 
parameters for the product as used by the customer – for Parker hydraulic hybrid drive 
systems and components were based on simulations and other calculations with 
measured vehicle speed profiles and other vehicle related data of baseline vehicles as 
input. Thanks to the proactive and iterative nature of the product development model, 
results fed back from detective verification of system and components enabled 
requirements, which were not identified initially, to be gradually added during the product 
development. 
4.1. Pump/motor requirement specification determination 
Pump/motor operation can basically be described as time dependent variations in 
rotation speed, pressure, displacement and temperature, Figure 4. 
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 Figure 4: Example of operating parameter patterns of a refuse collection truck 
System level simulation results show complex patterns of variation for these parameters. 
Detailed knowledge of the variations is an important input to determine requirements on 
each of the functions of which the pump/motor consists. At the same time, methods for 
breaking such complex operating profiles down into a few simplified typical modes of 
operation had to be applied in order to customize easily feasible test methods for the 
pump/motor; each test method focusing on a few or several of the pump/motor functions. 
4.2. Pump/motor basic functions 
A variable displacement bent-axis pump/motor is a complex component and can be 
defined as a sub system. It consists of several mechanisms with various functional 
purposes.
 
Figure 5: Four basic pump/motor functions: shaft bearings, rotating pressure-loaded 
parts, pressure-loaded body parts and displacement control parts (left to right) 
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Profound insights into operating conditions and requirements on performance, reliability 
and durability of each one of the functions are necessary for development of a successful 
product. As an example, Figure 5 shows four important basic C24 functions. 
The following examples focus on durability requirements and detective methods for 
verification of chosen design solutions. 
4.2.1. Shaft bearings 
From the extracted pump/motor pressure, displacement, shaft speed and temperature 
profiles; bearing loads, oil viscosity and cleanliness level were determined. Expected life 
of the cylindrical and tapered roller bearings under these conditions were calculated 
using established standards /6/ /7/. 
4.2.2. Pressure-loaded rotating parts 
Variations of speed and pressure at the rotating group can be described in terms of load 
amplitudes and the number of cycles for each load amplitude. Through knowledge of 
fatigue behaviour of used materials, required fatigue life could be defined in form of a 
Load-Life Diagram, Figure 6. 
4.2.3. Pressure-loaded body parts 
Similar to the pressure-loaded rotating parts, a Load-Life Diagram can be used to define 
required fatigue life for pressure-loaded body parts. Here, however, the irregular nature 
of system pressure variations makes it challenging to identify relevant fatigue load cycles 
and subsequently load amplitudes and the number of load cycles. To generate 
requirement Load-Life Diagrams for C24 pump/motor this difficulty was overcome 
through application of rainflow analysis /8/ to the spectrum of system pressure. 
 
Figure 6: Fatigue life requirements expressed through Load-Life (Wöhler) curves  
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4.2.4. Displacement control parts 
In principle, requirements on parts with the purpose of displacement actuation and 
feedback are defined by three parameters: displacement travel, force/pressure and fluid 
viscosity. For polymer materials also relationships between temperature and durability 
are considered. 
5. Design verification methods: Pump/motor laboratory tests 
After the product development process stages where the design solutions – targeted to 
meet the requirement specifications – are defined and verified through failure preventive 
methods like calculations/simulations and design reviews, it is important to get design 
verification feedback from failure detective methods as soon as possible. Trial assembly 
is an example of an elementary type of detective verification method while laboratory 
testing includes a variety of more complex and time consuming methods. 
 
Figure 7: A selection of pump/motor lab test methods focusing on durability 
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For verification of all critical functions of C24 pump/motor a large number of test methods 
were applied. Several internal standard methods, since long established for testing of 
pumps/motors for mobile and industrial applications in general, could often be directly 
applied. In addition, customized test methods had to be developed in order to cover C24 
specific functions and operating conditions. Here, a selection of laboratory test methods 
used for durability and reliability verification of C24 pump/motor are briefly described in 
terms of high level hydraulic schematics and time traces of characteristic test 
parameters, Figure 7. 
Design of durability test methods include considering several characteristics such as: 
x Possibility to realize with existing/easily achievable laboratory facilities 
x Number of parts/functions tested by the method 
x Definition of loading (load level and number of load cycles) for each tested 
function 
x Load acceleration factor for each function tested by the test method  
Load acceleration factor is defined as the relationship between the required product life 
under real world conditions and the testing time required to verify that the tested function 
fulfils the durability requirement. 
Each of the four test methods shown above were basically designed to test one or a 
limited number of pump/motor functions in the shortest time. Still, they provide a 
significant degree of overlap, which reduces the required number of test samples for 
each method. 
 
Figure 8: Load acceleration factors for basic pump/motor functions for selected lab test 
methods 
Good knowledge of load acceleration factors, Figure 8, enables effective utilization of 
testing resources. It also enables risk assessment from occurred testing failures, which 
can be translated to expected life in the customer application. Once validated through 
testing of the system in which the component is included, this knowledge also helps 
reducing cost and time consumption for verification of future design improvements. With 
reference to the process flow diagram shown in Figure 3, the knowledge can make 
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component test results reliable enough to bypass dynamometer and/or vehicle testing 
on test track and instead proceed directly to field testing with a limited test fleet over a 
limited test period. 
6. Customer experience 
A summary of customer feedback about the Runwise and power split IVT on-field 
performance is presented below. 
Prior to production launch of Parker Runwise hydraulic hybrid drive system for refuse 
collection trucks, system simulations as well as vehicle testing on test track and field 
demonstrations had shown a potential reduction of fuel consumption in the range of 35-
60 % compared to baseline vehicles. Variations were mainly influenced by operated 
route and vehicle load. 
In the middle of 2015 there were more than 160 refuse collection trucks with Runwise 
hydraulic hybrid drive system in regular service at over 20 locations across North 
America. In average, customers report 43 % fuel saving compared with their 
conventional trucks. Foundation brakes wear significantly less; change of brakes once 
during the life of the truck is foreseen instead of several times per year. Productivity has 
increased by 5-15 % thanks to good acceleration and deceleration performance with 
smooth transitions. As far as reliability is concerned, the American fleet of Runwise trucks 
has shown an average uptime of 97 %. 
The pre-production fleet of 48 parcel delivery trucks with Parker power split IVT system 
shows an average of 30 % reduction of fuel consumption, despite a lower start/stop 
frequency than refuse collection trucks and a less favourable relationship between kinetic 
energy and running resistance. There has been no need for neither foundation brake 
service nor engine starter replacement on these trucks. 
High reliability and performance of the systems can be traced back to the streamlined, 
front-loaded and iterative pump/motor product development model, Figure 9.   
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 Figure 9: Reversible relationships between applications and individual parts 
7. Conclusions 
C24 variable bent-axis pump/motor for open circuit hydrostatic transmissions was 
developed according to an APQP based product development model with focus on 
customer requirements. 
A large fleet of customer owned hydraulic hybrid vehicles with Parker advanced hydraulic 
hybrid drive systems and their C24 pumps/motors developed according to the described 
model are in regular field operation. The customers report positive results in terms of fuel 
economy, reliability and productivity – results which serve as evidence of the employed 
product development model effectiveness. 
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